We used immunochemical quantification and indirect immunofluorescence to investigate the cell content, distribution, and organization of microtubules in adult rat slowtwitch soleus and fast-twitch vastus lateralis muscles. An immunoblotting assay demonstrated that the soleus muscle (primarily Type I fibers) was found to have a 1.7-fold higher relative content of a-tubulin compared with the superficial portion of the vastus lateralis muscle (primarily Type IIb fibers). Both physiological muscle types revealed a complex arrangement of microtubules which displayed oblique, longitudinal, and transverse orientations within the sarcoplasmic space. The predominance of any one particular orientation varied significantly from one musde tissue section to another. Nuclei were completely surrounded by a dense netlike structure of microtubules. Both m d e fiber types were found to possess a higher density of microtubules in the sub-sarcolemmal region. These microtubules followed the contour of the sarcolemma in slightly contracted fibers and showed a fine punctate appearance indicative of a restricted distribution. The immunofluorescence results indicate that microtubules are associated with the sarcolemma and therefore may form a part of the membrane cytoskeletal domain of the muscle fiber. We conclude that the microtubule network of the adult mammalian skeletal musde fibet constitutes a bone fide component of the srosarcomeric cytoskeletal lattice domain along with the intermediate filaments, and as such could therefore partici@e in the mechanical integration of the various organelles of the myofibers during the contraction-relaxation cycle. (J Histochem C y t d e m 41:
Introduction
The basic contractile unit of the mature skeletal muscle fiber, the sarcomere, represents a highly organized and elaborate forceproducing structure which consists of contractile proteins and associated regulatory proteins as well as an increasingly complex array of cytoskeletal proteins. The cytoskeletal system of the sarcomere has been subdivided into two distinct domains: the endosarcomeric lattice composed of the elastic titin filaments, the inextensible nebulin system, and an exosarcomeric domain consisting of desmincontaining intermediate filaments (Wang, 1985) and possibly other protein species (Tokuyasu et al., 1984) . Signifcant progress has been realized with regard to our understanding of the titin and nebulin filament systems. Evidence has been obtained suggesting that both elasticity and compliance of the skeletal muscle cell are directly related to the expression of specific titin isoforms (Wang et al., 1991) , and a strong correlation between the size of the nebulin molecule and the length of the thin filament indicates a role for this particular protein in the assembly of the sarcomere (Trinick, 1992) . The intermediate filament system appears to be the major component of the exosarcomeric lattice of the sarcomere and is generally believed to be composed primarily of desmin. It has been assumed to form a transverse filamentous system which, by virtue of its spatial organization, could serve to maintain the lateral registry of the myofibrils and possibly to interlink the various cell organelles (Lazarides, 1982; Pierobon-Bormioli, 1982) . Although rarely referred to as such, the microtubule network of the skeletal muscle cell could also be considered a component of the exosarcomeric lattice.
It has long been recognized that mature adult mammalian skeletal muscle fibers contain structures that have been morphologically identified as microtubules (Van Winkle and Schwartz, 1978) . Some information derived from electron microscopy is available concerning the disposition of microtubules in the skeletal muscle fiber (Kano et al., 1991; Cartwright and Goldstein, 1980) . These studies suggest that microtubules are found in the intermyofibrillar space and appear to wrap around the myofibrils in a helical fashion, thus displaying a variety of orientations. Microtubules are also found close to the nuclei of the muscle cell (Goldstein and Cart-1014 BOUDRIAU, VINCENT, C M , ROGERS Wright, 1984) . To date, no direct evidence for a specific role of microtubules in the mature muscle fiber has been demonstrated. On the other hand, a significant effort has been devoted to the study of the function of microtubules in both myoblasts and myotubes, although the nature and extent of the potential molecular interactions between the microtubule network and the various cell organelles remain to be clarified. It has been proposed, however, that microtubules may play a role in the assembly of the thick filament structure (Toyama et al., 1982; Antin et al., 1981) and possibly in maintaining the highly organized structure of the sarcomere (Holtzer et al., 1985) .
In view of the growing number of identified structural components of the skeletal muscle sarcomere and their implication in several pathological conditions of this tissue (Thornell and Price, 1991) , a more comprehensive examination of the microtubule network in the muscle fiber could contribute to our understanding of the overall cytoskeletal structure of the sarcomere and the possible molecular interactions that exist between the various types of filament lattices associated with it. The present series of experiments was undertaken to determine the general spatial organization of microtubules in slow-and fast-twitch adult rat skeletal muscle fibers by indirect immunofluorescence microscopy and to compare the relative cell content of a-tubulin, a subunit protein of microtubules, in these two physiologically different muscle fiber types.
Materials and Methods
Animals and Tissue Preparation. Adult female Sprague-Dawley rats weighing 275-325 g were used throughout this study. The soleus (SOL, primarily Type I fibers) and the superficial portion of the vastus lateralis muscle ( S E , primarily Type IIb fibers) were dissected free of connective tissue and finely minced with scissors. Unless otherwise indicated, all preparation methods were carried out at 4'C. The muscle tissue was homogenized in a Dual1 type tissue grinder (Kontes; Vineland, NJ) in Laemmli sample buffer (Laemmli, 1970) supplemented with a combination of protease inhibitors (Ho-Kim et al., 1991) . Rat brain tissue was treated in the same way as the muscle tissue except that it was homogenized with a Douncetype apparatus. All homogenates were centrifuged at 10,000 x g and the supernatants frozen at -2 0 T for further analysis. Protein mass was determined with a commercially wadable kit (BioRad Laboratories; Missiuauga, Ontario, Canada).
Partial Purification of Brain Microtubules. Brain tissue from five rats was excised, minced with scissors, and homogenized in 5 volumes of microtubule stabilization buffer (MT buffer: 100 mM PIPES, 1.0 mM MgS04, 2.0 mM EGTA, pH 6.9) using a Polytron system (Mandel Scientific; Montrtal, Qutbec, Canada). Three assembly-disassembly cycles were carried out essentially according to Brenner et al. (1984) based on the assembly cycling method described by Borisy et al. (1975) .
Electrophoretic Analyses. The whole-tissue homogenates prepared from rat muscle and brain were resolved by SDS-PAGE (Laemmli, 1970) , except that the acrylamide concentration in the stock solution was increased to 40% and the pH of the 6-15% gradient separating gel was adjusted to 9.1 to enhance the separation of the tubulin subunits (Murphy and Wallis, 1983) . SDS-PAGE was usually done with a BioRad Miniprotean I1 system and the gels were stained with Coomassie blue.
Immunochemical Procedures. Proteins resolved by one-dimensional SDS-PAGE were transferred to Immobilon P membranes (Millipore; Bedford, MA). Electrotransfer was performed at 275 mA for a period of 5 hr at 1O' C. The efficiency and precision of the transfer process was routinely verified by staining of the membrane with Ponceau S (Sigma; St Louis, MO) and Coomassie blue staining of the post-transfer gel.
Transfer membranes were incubated in a blocking solution [ 5 % low-fat dry milk, 0.01% anti-foam in TBS (10 mM Tris-HCI, 150 mM NaCI, pH 7.4)] overnight at 4°C. The immunological reaction was initiated at room temperature by incubating the filters for 90 min with 25 ml of a 1:lOOO dilution (in blocking solution) of an a-tubulin monoclonal antibody and then incubating at 37'C for 30 min with a secondary antibody (goat antimouse IgG antibody conjugated to IzrI). The a-tubulin and 8-tubulin monoclonal antibodies were purchased from Sigma. Immobilon membranes were exposed to X-ray film (Kodak X-OMAT AR) with intenskying screens. The exposed X-ray film was used to locate the a-tubulin band position on the transfer membrane, which was then carefully excised and the radioactivity determined (LKB 1270 Rackgamma 11). Unexposed areas of the membranes were used to determine background levels of radioactivity, Preliminary experiments were carried out to ensure a linear relationship between the relevant variables. The equations relating the mass of protein loaded into gel lanes and the amount of radioactivity were generated by linear regression and were employed for subsequent quantification. Each of the data points in the quantification experiments represents the mean of at least six separate experiments.
Indirect Immunofluorescence. The SOL and SVL muscles were removed from the rat hindlimbs and briefly soaked in MT buffer or in a Krebs-Ringer bicarbonate buffer (pH 7.4). Muscles were then immediately pinned at their resting length and chemically fixed for 60 min in 4% paraformaldehyde prepared in PBS. Muscles were then cut into small pieces and incubated for a further 60 min at room temperature in a fresh fixative solution.
Muscle tissue samples were washed in PBS (four times for 15 min) and dehydrated in a graded series of ethanol baths. The embedding process was performed with polyethylene glycol of various molecular weights (PEG) (BDH Montrid, QuEbec, Canada) according to the following protocol: PEG 1000 (2 hr, 48'C), PEG 1500 (1 hr, 52'C). PEG 1500 (88%)/4000 (12%) (2 hr, 52'C). The muscle tissue was placed in fresh solutions of the PEG 150014000 mixture and left overnight at room temperature in polyethylene tissue molds.
Tissue sections of 1-3 pm were cut with a Leitz microtome and mounted on slides as previously described (Thibodeau et al., 1989) . Slides were washed in PBS for 30 min to dissolve the PEG and then incubated for 30 min in a solution of 0.5% BSA in PBS to block nonspecific immunochemical reactions. All antibodies were diluted in the BSA-PBS solution. The muscle tissue sections were incubated for 60 min with the a-tubulin antibody which was diluted 1:loO. Slides were then incubated for 30 min with a goat antimouse IgG antibody conjugated to biotin (Amersham; Mississauga, Ontario, Canada), followed by a final incubation of 30 min with FIX-labeled streptavidin. All incubations were followed by several rinses in PBS to remove excess reagents. In experiments in which the SOL muscle fibers were compared with the SVL muscle fibers, the tissue sections were processed on the same slide to ensure that all incubations were carried out under identical conditions. Some skeletal muscle sections were double labeled with the a-tubulin antibody and a monospecific polyclonal antibody to highly purified chicken gizzard desmin (Cossette and Vincent, 1991) . The desmin labeling was visualized with tetramethyl rhodamine-isothiocyanate (TR1TC)-conjugated goat anti-rabbit IgG (kindly provided by Dr. Jean-Paul Valet). In several experiments, propidium iodide (Molecular Probes; Eugene, OR) was employed to specifically label the muscle fiber nuclei. Slides were covered in a mounting medium, paraphenylenediamine in PBS-glycerol Uohnson and De C Nogueira, 1981), sealed, and viewed with a Zeiss Axiophot microscope equipped with epifluorescence optics. Control experiments to verify the specificity of the labeling consisted of incubation of tissue sections with all antibodies or reagents, excluding the primary antibodies.
a-Tubulin in Skeletal Muscle
Having established that the a-tubulin antibody reacted with the corresponding antigen in rat brain, we then proceeded to determine if the antigen could be detected in whole homogenates of the slow-twitch SOL and fast-twitch SVL skeletal muscles by immunoblotting. The a-tubulin subunit was clearly detected with a high degree of specificity by this method in both physiological muscle types ( Figure 2 ). Although the a-tubulin was readily detected on immunoblots prepared from SDS gels loaded with as little as 1 pg of brain homogenate protein, clear immunochemical detection of a-tubulin in the case of the two skeletal muscles required the gels to be loaded with at least 50-fold more homogenate protein. (Lane C) A mixture of the antibodies for a-and B-tubulin were assayed for specificity by immunoblotting using the brain homogenate. The a-tubulin was detected by incubation of the blotting membrane with a 1251tonjugated secondary antibody, followed by autoradiography. Lane D is identical to Lane C except that only the a-tubulin antibody was used in the experiment.
Results

Immunological SpeczFcity of aand p -7hbulin Antibodies
The apparent molecular weight of both aand P-tubulin is wry near to 55 KD, based on their electrophoretic migration in SDS gels. The combined use of a 6-15 % gradient in the separating gel and a pH of 9.1 permits a clear separation of the two tubulin subunits ( Figure 1 ). To verify the immunochemical specificity of the monoclonal antibodies for aand P-tubulin, they were first assayed for their ability to recognize rat brain tubulin in whole-tissue homogenates. A mixture of the two antibodies revealed that these particular antibodies reacted with two polypeptides that co-migrate with rat brain aand p-tubulin and that the monoclonal antibody for a-tubulin reacted specifically with the a-tubulin subunit. The antibody for the a-subunit was employed for the subsequent experiments with muscle tissue, since this antibody could be used at higher dilutions in immunoblotting and immunofluorescence assays with the same specificity as the antibody for the B-subunit.
Relative QuantzFcatioon of a-Tubulin in Skeletal Muscle
The results of the immunoblotting experiments shown in Figure  2 also suggested that the content of a-tubulin was greater in the SOL than the SVL muscle. An immunoblotting assay was therefore employed to test this possibility (Figure 3) . These experiments demonstrated that the SOL muscle has approximately a 1.7-fold higher a-tubulin content than the SVL muscle (Table 1) . Figure 2 . Immunological identification of a-tubulin in skeletal muscle homogenates. Whole-tissue homogenates were prepared from rat brain (Lane A, 2 pg protein), the slow-twitch soleus (SOL) muscle (Lane B. 100 pg protein), and the superficial portion of the fast-twitch vastus lateralis (SVL) muscle (Lane C, 100 pg protein) and the proteins were resolved by electrophoresis. A parallel gel was prepared for immunoblotting and the a-tubulin antibody was detected as described in Figure 1 (Lane D, brain; Lane E, SOL; Lane F, SVL). MHC, myosin heavy chain subunit; aT, a-tubulin subunit; CA, carbonic anhydrase Ill. Molecular weight markers (KD x correspond to the proteins identified. 
Immunofluorescent Localization of a-Tubulin in Skeletal Muscle
Muscle samples were chemically fixed and embedded in PEG. This embedding media was selected based on the report of Parysek et al. (1984) . who were able to obtain relatively thin sections (0.5-0.75 pm) of skeletal muscle tissue and demonstrated that microtubuleassociated protein (MAP) 4 could be detected by immunofluorescence with this approach. Representative immunofluorescent patterns for a-tubulin in the slow-twitch SOL and fast-twitch SVL muscles are illustrated in Figures 4A and 4B , respectively. The spatial organization of sarcoplasmic microtubules was generally similar in both fiber types, revealing a complex and intricate pattern of orientations. Microtubules were found in longitudinal, transverse, and oblique patterns in most sections of both muscle fiber types. However, the pattern of microtubules varied from one tissue The value for the vastus lateralis is set at unity to facilitate comparison section to another. In cases where transverse and longitudinal microtubules could be clearly observed and followed for several sarcomeres, the filaments did not appear to be rigid, since they often displayed a significant degree of curvature.
Microtubules were found to be closely associated with fiber nuclei (Figures 4C and 4D ). Nuclei were identified by the bright red-orange staining produced by the propidium iodide treatment. Microtubules appeared as a cage-like structure which formed a net around each nucleus and often appeared in direct physical contact. In Figures  4C and 4D nuclei can be seen at various depths within the muscle tissue section, with the more deeply situated nuclei revealing a higher density of surrounding microtubules. In cases where the fiber integrity had been disrupted by the sectioning, some nuclei could be seen on the exterior of the fiber and appeared to remain physically connected to the fiber by several strands of microtubules (Figures 41 and 4J) .
Although the general spatial organization was not markedly dfierent in the two muscle fiber types, a particularly intense fluorescence was observed in the subsarcolemmal region of the muscle fibers ( Figures 4A and 4B ). This result was consistently observed in longitudinal sections of the muscle fibers. Cross-sectioned fibers in both muscles displayed the same sarcoplasmic pattern of fluorescence (data not shown). Examination of the fluorescence patterns in the sarcolemmal region of the SOL fibers indicated that the microtubules were not simply aligned longitudinally along the sarcolemma but rather followed the contour of the membrane in slightly contracted fibers ( Figures 4H and 4F ). Examination of these same photomicrographs indicates that the microtubules associated with the sarcolemma are organized in a punctate fashion reminiscent of the costamere structure of the muscle fiber (Pardo et al., 1983) . In some tissue sections in which the structural integrity of the sarcolemma had been lost ( Figure 4G) . the microtubules appeared to emerge from the interior of the fiber as a series of regularly spaced spike-like structures ( Figure 4E) .
In some experiments, SOL tissue sections were double labeled with the monoclonal a-tubulin antibody and a polyclonal antibody specific for desmin. As shown in Figure 5 . the microtubule pattern is distinct from the classical 2-line labeling revealed by the desmin antibody. Although there is some degree of co-localization of the two filament systems at the Z-line, no consistent pattern that would indicate a strict correspondence was observed.
Discussion
The present investigation was undertaken to gain further insight into the organization of the cytoskeletal system in slow-and fast--1 Figure 4 . lmmunolocelization d microtubules in skeletal muscle. Sections of 1-3 pm were cut from the PEG-embedded (A) soleus (SOL) and (B) superficial vastus lateralis (WL) muscles and the a-tubulin was visualized by indirect immunofluorescence as described in the text. (C) Some SOL muscle sections revealed an association of microtubules with the sarcolemma and with fiber nuclei (labeled with propidium iodide). which are surrounded and embedded to various degrees with a n&-like structure of microtubules. A higher magnification of the four nuclei on the right side of C is shown in D. Two selected areas of a SOL muscle fiber show (E) a sarcolemma region that has been damaged and (F) a region that is intact. (QH) Corresponding phasecontrast images. In F the microtubules follow the sarcolemma in sarcomeres that are slightly contracted. (I) A nucleus that has been displaced during the sectioning and appears to remain connected to the muscle fiber by four strands of microtubules. fJ) Closer view of this linkage between nucleus and microtubules. Original magnification x 100. Bars = 10 pm. twitch skeletal muscle fibers. Although it has been generally accepted that mature skeletal muscle fibers contain microtubules, the available information has been derived primarily from electron microscopic analysis (Kano et al., 1991; Goldstein and Cart-Wright, 1984) . This approach can provide useful information regarding the organization of specific filament structures of the muscle fiber. These observations, however, must be interpreted with a certain degree of caution, since the tissue sections are normally ultrathin and the systematic examination of large regions of muscle fibers is virtually impossible. For these reasons we concluded that the use of indirect immunofluorescence would be of value in determining the overall organization and spatial arrangement of the microtubule network in the adult muscle fiber, since it would provide a more global picture of the situation and would facilitate a direct comparison between Type I and Type I1 fiber types.
The first series of experiments demonstrated that both aand S-tubulin could be specifically detected by immunoblotting, a result that will be of value in future studies aimed at determining if the cell content of microtubules varies as a result of changes in functional demand placed on the muscle. In experiments in which immunoblotting was employed to determine the relative cell quantities of a-tubulin, it was shown that the SOL muscle, which con-sists primarily of Type I fibers, contains significantly more of this protein than the SVL muscle, which is composed primarily of Type IIb fibers. Our results do not indicate any significant difference in the spatial arrangement or organization of microtubules between the Type I and Type I1 fibers. However, a consistently higher relative intensity of the microtubules was found in the sarcoplasmic space and in the subsarcolemmal region in Type I fibers of the SOL muscle compared to Type IIb fibers of the SVL muscle. Kano et al. (1991) , using the rat and mouse diaphragm and electron microscopic quantification, did not observe a higher relative density of microtubules in the subsarcolemmal region of the fibers examined and did not report any quantitative differences with regard to fiber types. It is important to note that these investigators employed mitochondrial volume as a basis for fiber classification. Given the well-known variation in mitochondrial content within a specific fiber type population (Nemeth and Pette, 1981; Nemeth et al., 1979) and the observation that the diaphragm of mammals consists primarily of highly aerobic Type I and Type I1 fibers, classification of fiber type on the basis of a single criterion can be considered insufficient for accurate identification of Type I and Type I1 fibers. This is particularly important in the case of the mammalian diaphragm (Green et al., 1984) . These considerations may explain why these investigators have not noted any difference in the density of microtubules or their content among the fibers examined.
The microtubules that appeared to be located in the subsarcolemmal region of the fiber were found to be very close to the membrane and may actually be in direct physical contact with this structure. Phase-contrast images of the sarcolemma indicate that some of the fibers are in a slightly contracted state, as suggested by the folding of the membrane. The corresponding fluorescence images reveal that the distribution of the microtubules is aligned with the membrane folds, which supports the contention that microtubules may indeed be physically linked to the sarcolemma. In certain areas of the sarcolemma the microtubules appear in a cluster or punctuate pattern, with the fluorescence more intense on either side of the 2-band ( Figures 4A, 4E, and 4F ). This type of arrangement has been observed for vinculin and is now referred to as the costamere. It is therefore possible that microtubules are a structural constituent or partner of the costamere and assist in forming a linkage between myofibrils and the sarcolemma. Indeed, the general spatial organization of the microtubule network in the muscle fiber suggests this structural system as a likely candidate for participation in the role of mechanically integrating the sarcomeres with the plasma membrane.
The finding that some microtubules are associated with the sarcolemma is not surprising in view of the evidence indicating that tubulin is a major protein in membrane preparations and is able to interact with biological and artificial membranes in vitro (Hargreaves et al., 1986) . There are several possible models by which microtubules could interact with the sarcolemma, including an indirect association with spectrin mediated by tau protein, protein 4.1, or ankyrin (Bennett, 1990) . The potential hphcation of a n k y r h is particularly attractive, as recent evidence shows that ankyrin is localized not only to the sarcolemma but to the triads and transverse (T-) tubular system (Flucher et al., 1990) . Moreover, the cloning of ankyrh has revealed the presence of an N -t e d domain capable of binding tubulin (Lux et al., 1990) . Alternatively, a sarcolemmatubulin interaction could h w pleain (Wiche, 1989) and/or MAPI and MAP-2 (Wiche et al., 1984) . all of which are now believed to be components of the cytoskeletal system ofthe skeletal musde fiber.
The molecular nature of the linkage and functional significance of a sarcolemma-associated microtubule complex remains unknown, although it is tempting to speculate that this component of the exosarcomeric cytoskeleton may serve to stabilize the membrane during the contraction-relaxation cycle, while the higher density of microtubules in the SOL muscle may well be related to the greater ability of slow-twitch fibers to maintain tension over longer periods of time compared with fast-twitch fibers (Brooks and Faulkner, 1991) . Interestingly, we have recently found that dystrophin, a large membrane-associated cytoskeletal protein which is the product of the Duchenne muscular dystrophy locus, is also significantly more abundant in Type I fibers compared with Type IIb fibers (Ho-Kim and Rogers, 1992) and that desmin, the major subunit protein of the intermediate fiiament system, is twofold more abundant in Type I fibers compared with Type IIb fibers (manuscript in preparation). A higher density of cytoskeletal and membrane-associated cytoskeletal elements in the slow-twitch Type I fiber may be a general characteristic and indicative of a specific mechanical requirement in this fiber type. It will be interesting to determine if this distinct structural feature of Type I fibers is functionally related to the lateral transmission of active and passive tension in skeletal muscle (Street, 1983; Faulkner et al., 1982) or to the apparent delay in the involvement of this fiber type in patients with Duchenne muscular dystrophy (Minetti et al., 1991; Webster et al., 1988) .
Microtubules were found in close association with nuclei in both skeletal and cardiac muscle cells (Rappaport and Samuel, 1988; Goldstein and Cartwright, 1984) . The immunofluorescence data presented here strongly support the concept of a nucleocytoskeletal linkage in the adult mammalian muscle fiber. In cases where the nuclei are found to have been partially liberated from their characteristic subsarcolemmal position, threads of filaments decorated by the a-tubulin antibody are clearly seen joining the nuclei to the intracellular microtubule network (Figure 4J) . Cooke (1985) has discussed several lines of evidence supporting the existence of a mechanical connection between the sarcoplasm and the nuclei of the striated muscle fiber. Microtubules are therefore likely to be involved in this coupling, although the participation of other filament systems, such as the intermediate filament network (Stromer and Bendayan, 1990) , cannot be excluded at the present time. Our observation of a higher relative density of subsarcolemmal microtubules in Type I fibers compared with Type IIb fibers may be related to the fact that nuclei are twofold more numerous in Type I fibers than in Type IIb fibers (Schmalbruch and Hellhammer, 1977) . The apparent association of nuclei and microtubules in the skeletal muscle cell further suggests a mechanism involving this dynamic filament system by which the nuclei assume their typical subsarcolemmal location during myogenesis.
The information presented here, in conjunction with that of other studies, provides a framework for future experiments designed to evaluate the function of the microtubule network in adult mammalian skeletal muscle fiber. Cell-permeable drugs that stabilize or depolymerize microtubules can be employed to investigate any possible relationship between the contractile properties and the microtubules. Further study is required to assess the importance of the participation of microtubules in the nucleocytoskeletal llnkage and their possible interconnection with other identified cytoskeletal elements of the muscle fiber. This putative nucleocytoskeletal linkage and its characterization may be relevant to the mechanism by which nuclei remain centrally located in the regenerated fibers of the dystrophic (mdx) mouse. These regenerated fibers are apparently resistant to subsequent degenerative effects induced by the absence of dystrophin (DiMario et al., 1991) . The reasons for this are possibly related to adaptive rearrangements in the composition and cell distribution of the membrane and the cytoskeletal structures.
In summary, evidence is presented that indicates that microtubules are approximately twofold more abundant in Type I skeletal muscle fibers compared with Type I1 skeletal muscle fibers. This investigation suggests that the sarcoplasmic microtubule system should be now considered a component of the exosarcomeric lattice. Furthermore, the membrane-associated microtubule system now identified appears to constitute a functionally distinct domain of the microtubule filament system.
